negative rs gene: rsϪ), and people with the pair including rsϩ (rsϩrsϩ or rsϩrsϪ or rsϪrsϩ) become RH and half of people without rsϩ (rsϪrsϪ) become left-handed (LH). Thus, RH is genetically determined and LH is determined by both genetic and environmental factors. Although previous studies have supported this theory, the actual incidence of LH differs from the theoretical figures, and genetic and environmental influences on the determination of handedness differ with the type of LH relatives (Mckeever, 2000; Mckeever et al., 2000; Ashton, 1982; Spiegler & Yeni-Komshian, 1983) .
It has been reported that enforced use of right hand has let to particularly low incidence of LH in Japanese and Chinese individuals compared with Western countries (Laland et al., 1995; Medland et al., 2004) , since Japanese culture considers right handedness as the 'right' way of using hands more than Western countries. These differences in cultural and social factors may influence the determination of handedness (Porac and Martin, 2007) . Shimizu and Endo (1983a) reported that among LH Japanese senior high school students, only 0.7% and 1.7% of individuals used their left hand for writing and eating, respectively. This indicates that social pressure for right-handed writing and eating remains high in Japan. However, there have been few reports examining the forced conversion rate of LH people (Meng LF, 2007) . Hatta and Kawakami (1994) also reported that the incidence of non-RH Japanese females increased from 20 years ago, and these environmental (cultural and social) influences on the determination of handedness may change with times. However, there have been few large scale population studies of Japanese familial handedness or of forced conversion of handedness.
This study aimed to examine the characteristics of handedness in the Japanese based on gender differences and the presence of LH relatives and forced conversion experience.
Methods

Subjects and data collection
We conducted a survey at Kanazawa City in Ishikawa Prefecture, Akita City in Akita Prefecture, Yokohama City in Kanagawa Prefecture, Setagaya in Tokyo Prefecture, Yonago City in Tottori Prefecture, and Fukui City in Fukui Prefecture. We delivered a questionnaire to a total of 5,329 subjects, and collected data from 5,046 subjects (94.7% response rate). The obtained responses were checked for evidence of lying and blank or unknown responses regarding base attributes. Valid responses were obtained from 4,887 subjects (91.7%). Because there were a few subjects aged 30 years or over, only subjects in their teens and twenties were used for the analyses in this study. Therefore, subjects comprised 4668 Japanese adults aged from 15 to 29 years (3127 males, aged 18.8Ϯ1.8 years, and 1541 females, aged 18.8Ϯ1.4 years). Informed consent was obtained in writing from each of the subjects.
Assessment of handedness
We investigated the subjective handedness, Edinburgh inventory (Oldfield, 1971) , existence or nonexistence of LH relatives and the type of relatives, experiences in the forced conversion of handedness and the type of activities. We asked types of the activities being converted as open question. The subjective handedness was determined by asking the question 'which hand do you usually use?', and subjects responded to four categories of RH, LH, both hands and unknown. In this study, handedness was determined by the subjective handedness, because we could not assess handedness of subjects' relatives by the Edinburgh inventory, which is an index of handedness. We confirmed that the subjective handedness of a subject agreed with the handedness assessed by the Edinburgh inventory. The complete concordance rate between the methods was very high (0.963), and there is few influence of the discrepancy between subjective and Edinburgh inventory assessments on the results obtained in this study.
Analyses
Influence of the existence of LH relatives and experiences in the forced conversion of handedness on the determination of handedness
We classified subjects into subgroups based on the existence or nonexistence of LH relatives and experiences in the forced conversion of handedness, and examined the incidence of each type of handedness for each subgroup. Then, we calculated the proportions of subjects 1) who were "innate" LH, 2) who have experiences in the forced conversion of handedness, 3) whose handedness did not change by the forced conversion, and 4) whose handedness was converted from LH to RH. This study assumed that 'innate LH' is a subject who had experienced forced conversion of handedness, or a left-hander without experience in the forced conversion.
This study examined the differences in these proportions between each subgroup, accounting for sex and the existence or nonexistence of LH relatives by two-way analysis of proportions, based on the arcsine transformation method.
Type of forced converted activities
We investigated the types of activities being converted, and calculated the frequencies for each converted activity.
Incidence of LH subjects with LH relatives
Among the subjects who had LH relatives, the incidence of LH was compared among subgroups, accounting for sex and the type of LH relatives. The relatives were categorized by three types of parents, brother/sisters, and grandparents, and subjects with LH relative were calculated for each type as follows: 1) the subjects whose parent(s) were LH and other relatives (brother/sisters or grandparents) were RH, 2) the subjects whose brother/sister(s) are LH and other relatives were RH, and 3) the subjects whose grandparent(s) were LH other relatives were RH.
Furthermore, the percentage of experience of the forced conversion was compared among the above subgroups. Significant differences in these incidences were examined by two-way analysis of proportion, based on the arcsine transformation method. Figure 1 shows the incidences of LH or RH in subgroups categorized by the existence or nonexistence of LH relatives and experiences in the forced conversion of handedness. Based on the results of Figure 1 , we calculated the proportion of subjects 1) who are innate LH, 2) who had experienced the forced conversion, 3) whose handedness did not change by the forced conversion of handedness, and 4) whose handedness changed from LH to RH by the forced conversion.
Results
Influences of the presence of LH relatives and experiences in the forced conversion of handedness on the determination of handedness
This study examined the differences in these proportions between subgroups categorized by gender and existence or nonexistence of LH relatives ( Table  1) . Among the subjects, 21.9% had LH relatives. The proportions of innate LH were significantly higher in subjects with LH relatives but there were no gender differences among them. Furthermore, although there was no significant difference in the proportion of receiving the forced conversion between these groups in terms of the presence of LH relatives, this proportion was significantly greater for females than for males.
Among the subjects with experience in the forced conversion, the proportion of subjects whose handedness (LH) did not change was significantly greater in subjects with LH relatives than in subjects without LH relatives, and was greater in males than females.
The proportion of subjects whose handedness changed from LH to RH by the forced conversion was significantly greater in the group without LH relatives than in the group with LH relatives, and was greater in females than males.
Types of converted activities
As the result of calculating the proportions of converted activities, 'Writing' (total: 53.8%, males: 56.4% and females: 49.7%) and 'using chopsticks' (total: 29.3%, males: 30.0% and females: 28.3%) showed extremely high proportions in both gender groups, followed by 'using fork or spoon' (total: 4.6%, males: 2.9% and females: 6.9%). Table 2 shows the incidence of LH for each types of LH relative. The incidence of LH in females was significantly higher than that in males. Further, incidence of LH in the subjects with LH grandparents or LH parents was significantly higher than those with LH brothers/sisters
Incidence of LH for each types of LH relative
In addition, we compared the proportions of experience of the forced conversion among the subgroups in terms of types of LH relatives. In all types of LH relatives, the proportion of the forced conversion was significantly higher in females than males, but there was no significant difference in this proportion among types of LH relatives.
Discussion
Genetic and environmental (forced conversion) influences on gender differences in handedness
In the "Right shift theory", RH is genetically determined and LH is determined by both genetic and environmental factors. Although previous studies have supported this theory, the actual incidence of LH differs from the theoretical figures, and genetic and environmental influences on handedness differ with the type of LH relatives (Mckeever, 2000; Mckeever et al., 2000; Ashton, 1982; Spiegler & Yeni-Komshian, 1983) . The incidence of current LH was significantly lower in females than in males. This trend has been reported in Asian and Western and European countries (Davis & Annett., 1994; Medland et al., 2004) . Although there was no gender difference in the incidence of innate LH in this study, more females underwent forced conversion. Furthermore, after the forced conversion of handedness, more males' handedness remained unchanged, while more females were converted. These results may suggest that gender differences in the incidence of current LH are produced by an environmental factor (forced conversion) rather than a genetic factor. However, Davis & Annett (1994) suggested that the rs+ gene is expressed more strongly in females than in males. McManun (1991) also indicated the role of a genetic factor on the gender difference in the incidence of LH. Although it is difficult to determine the influence of a genetic factor from our results, the low incidence of LH in females is considered to be influenced by both environmental and genetic factors. Although it has been reported that enforced use of right hand has let to particularly low incidence of LH in Japanese and Chinese individuals compared with Western countries (Laland et al., 1995; Medland et al., 2004) , there is no differences in characteristics of handedness that LH is more found in males, and that "switching" (LH being forced to RH) is more successful in females (Coren and Halpern, 1991; Medland et al., 2004) . Thus, these characteristics of gender differences in handedness may be similar between Japan and Western countries, although LH: frequency of left-handedness, LH%: incidence of left-handedness (LH/Nϫ100). * 1 : Two-way ANOVA based on the arcsine transformation method. The statistics in the Table were Chi-square values. * 2 : Parents (total) indicates the values summing the frequency or percentage of "Father", "Mother" and "Both parents". * 3 : Siblings (total) indicates the values summing the frequency or percentage of "Brother", "Sister" and "Siblings". * 4 : Grandparents (total) indicates the values summing the frequency or percentage of "Grandfather", "Grandmother" and "Both grandparents". *: pϽ0.05, **: pϽ0.01, ns: not significant.
Japanese social and cultural pressure on lefthandedness tended to be stronger than Western countries.
Influence of LH relatives on handedness
In the "Right shift theory", offspring with a LH father or mother are more genetically susceptible to LH because of the rsϪ gene. Even with a LH father or mother, however, half of the offspring with a pair of rsϪ genes may be LH, suggesting an environmental influence.
To determine genetic and environmental influences on handedness, LH and HR are compared who are similar in their genetic and environmental background, based on twin design study (Gurd et al., 2006) . The previous twin studies have been reported that there was no significant difference in incidence of LH between monozygotic (MZ) twins and dizygotic (DZ) twins (Reiss, 1996; Shimizu and Endo, 1983b) , that incidence of LH in twins was higher than singletons (Reiss, 1996; Davis and Annett, 1994; Medland et al., 2003) , that the percentage of converted right-handedness in MZ twins was higher than in DZ twins (Shimizu and Endo, 1983b) , and that laterality score in LH MZ twins showed grater variation than in RH MZ twins (Gurd et al., 2006) . These twin studies indicate genetic influence on determination of handedness. However, most of these twin studies aimed to examine genetic contribution to determination of handedness, and there is few twin studies went into detail about environmental influence on handedness.
The previous studies examining the effect of LH relatives on LH offspring, based on singleton population studies (Annett, 1973; Ashton, 1982; Spiegler & Yeni-Komshian, 1983; Risch & Pringle, 1985) reported that the incidence of LH was lower in offspring with RR parents (two RH parents) than in those with LR parents (LH mother and RH father) or RL parents (RH mother and LH father), regardless of gender. McKeever (2000) indicated a significantly greater incidence of LH offspring of LL couples (two LH parents) than of RR parents. Also in this study, the incidence of innate LH was significantly greater in individuals with LH relatives than in those without LH relatives.
In this study, the percentages of individuals who underwent forced conversion of handedness were similar, regardless of the presence of LH relatives. In contrast, the percentage of individuals who did not change handedness after forced conversion was higher in individuals with LH relatives, and that of individuals whose handedness changed was higher in those without LH relatives. These findings may suggest that the presence of LH relatives indicates genetic characteristics for LH and that there is a stronger environmental influence ("imitation") on LH than forced conversion.
Furthermore, previous studies have examined the influence of the type of LH relative on the determination of LH. McManus (1991) indicated that LH mothers have more LH offspring than LH fathers. Annett (1999) reported that although the genetic influence of LH offspring is higher for mothers than fathers, a significant relationship was found only between mothers and daughters. Furthermore, McKeever (2000) examined the incidence of LH and suggested that LR parents produced significantly more LH offspring (especially sons) than RR couples, and that although RL couples produced a higher incidence of LH daughters than RR parents, they failed to produce a higher incidence of LH sons than RR couples.
This study did not determine the difference in genetic influence between LL couples and LR or RL couples, because there were fewer females of RR parents (14 males and 3 females). Similar to previous studies (McKeever, 2000; Annett, 1999) , however, there was no significant difference in the incidence of LH offspring between RL and LR couples in both gender groups.
On the other hand, in this study, the incidence of current LH was higher in subjects with LH grandparents or parents compared to those with LH siblings. However, generalizing the influence of LH grandparents is difficult due to sample size. If parents can genetically influence handedness of offspring in a different manner than siblings, this result is understandable. In addition, the presence of LH parents has an environmental influence, i.e. forced conversion and imitation, and plays a role in the determination of handedness. In this study, there were no differences in the forced conversion rate among the type of LH relatives. This result means that there is no difference in the forced conversion rate regardless of handedness of parents, and this may be affected by that Japanese culture considers right handedness as the 'right' way of using hands more than Western countries.
In summary, despite the limitations of our sample characteristics, this study suggests that forced conversion environmentally influences the gender difference in the incidence of LH. In addition, the presence of LH relatives genetically and environmentally influences handedness, and this influence is stronger in parents than siblings.
